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Abstract 
Ultrasonic fatigue testing allows time saving investigations up to the very high cycle fatigue regime. The high frequency and 
adapted testing method may influence measured fatigue properties. Servo-hydraulic and ultrasonic test data of 2024-T351 
aluminum alloy show comparable lifetimes for constant amplitude tests at load ratio R=0.1 and R=0.5. In ultrasonic variable 
amplitude (VA) tests, amplitude is varied over successive pulses ("block loading") rather than cycles ("single-cycle loading"). 
Lifetimes agree for servo-hydraulic and ultrasonic VA block-loading tests at R=0.1. Considerably lower lifetimes measured in 
servo-hydraulic single-cycle tests suggest a pronounced influences of the loading sequence on VA fatigue damage.   
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Nomenclature 
CA constant amplitude 
VA variable amplitude 
HCF high cycle fatigue 
VHCF very high cycle fatigue 
R load ratio 
S damage sum 
Δσ/2 cyclic stress amplitude in a CA experiment 
Δσmax/2 maximum cyclic stress amplitude of the load sequence in a VA experiment 
1. Introduction 
Ultrasonic fatigue testing is a powerful method to investigate the fatigue properties of materials in the high cycle 
fatigue (HCF) and very high cycle fatigue (VHCF) regime. Specimens are stimulated to resonance vibrations at about 
20 kHz cycling frequency, which shortens HCF tests and makes VHCF tests beyond one billion cycles possible, a 
regime which is hardly accessible with conventional testing methods due excessive testing time. Ultrasonic fatigue 
tests can be performed under fully-reversed loading conditions, as well as with superimposed loads to maintain 
different load ratios. Lifetime investigations, studies of fatigue crack initiation and of slowly propagating fatigue 
cracks are possible in gaseous or liquid testing environments at low and high temperatures. Ultrasonic experiments 
are performed in pulsed mode with cooling pauses to avoid heating of the specimens. In constant amplitude (CA) 
tests, the vibration amplitude of successive pulses remains unchanged, whereas the vibration amplitudes of successive 
pulses change according to a pre-determined repeat sequence in variable amplitude (VA) tests. This enables 
conducting VA fatigue lifetime [1] and fatigue crack propagation studies [2].  
A most important question involved with ultrasonic fatigue testing is, whether fatigue data would be similarly 
measured with conventional testing systems, which operate at comparatively low frequencies. Influences of cycling 
frequency and testing procedure are in principle possible. Strain rate effects can cause frequency influences on cyclic 
plastic deformation and associated fatigue damage. This effect is especially important for metals that show a 
pronounced cyclic plastic deformation close to the endurance stress, such as pure metals [3] or mild steel [4,5]. 
Another source of frequency effects are corrosive influences of the respective testing environment, since chemical 
processes are typically time dependent. Solely the comparison of measurements at low and ultrasonic frequency can 
show whether cycling frequency significantly influences the fatigue lifetime of a certain material in a specific testing 
environment. 
In the present investigation, the age hardened aluminum alloy 2024-T351 is cycled in CA and VA experiments 
with ultrasonic and servo-hydraulic testing equipment. CA ultrasonic tests are performed in the HCF and VHCF 
regime at load ratios R = 0.1 and R = 0.5 up to a limiting lifetime of 1010 cycles. CA servo-hydraulic experiments are 
performed at the same load ratios in the HCF regime and are compared to the ultrasonic lifetimes. VA ultrasonic tests 
are performed by virtue of a novel in-house developed testing method, at constant load ratio R = 0.1. Lifetimes of up 
to 1010 cycles are determined for a loading sequence with a Gaussian cumulative frequency distribution of load 
amplitudes using a pulse length of 100 ms (i.e. 2000 cycles at approximately 20 kHz cycling frequency). VA tests 
with servo-hydraulic equipment in the HCF regime at load ratio R = 0.1 serve to investigate influences of cycling 
frequency as well as testing procedure. In one series of VA tests, the vibration amplitude is kept constant during blocks 
of 2000 cycles and then varied for the next block, similar to the ultrasonic procedure. In a second VA testing series, 
the stress amplitude is varied from cycle to cycle. These tests serve to show both, the influence of cycling frequency 
as well as of the testing procedure (i.e. load-time history). 
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2. Material and method 
2.1. Material 
The CA and VA fatigue test are performed with the age-hardened aluminum alloy 2024-T351. The chemical 
composition (in % mass) is: Cu 4.46, Mg 1.42, Mn 0.61, Zn 0.18, Si 0.06, Fe 0.14, Cr 0.005, Ti 0.025, Pb 0.002, Ni 
0.0058, Sn 0.055, and the rest Al. The material was obtained in sheets of 16 mm thickness. Mean grain size in rolling 
direction of the sheet is 280 μm, 90 μm in transverse direction, and 50 μm in thickness direction. The mechanical 
properties of the material shown in Tab. Table 1 refer to the rolling direction of the material. Dumbbell-shaped 
specimens are machined with their longitudinal dimension aligned to the rolling direction of the sheets. The gauge 
section is cylindrical with 10 mm length and 4 mm diameter, yielding a testing volume of 126 mm3 and a testing 
surface of 126 mm2. The surface of the gauge section is prepared by grinding parallel to the specimen’s longitudinal 
dimension with abrasive paper of grade 600.  
     Table 1. Mechanical properties of Al 2024-T351 aluminum alloy. 
Young’s modulus Tensile strength 0.2 % Proof stress Elongation Vickers hardness 
E = 72.4 GPa Rm = 473±3 MPa Rp0.2 = 364±4 MPa A = 18±1 % HV = 141±2 HV 
2.2. Ultrasonic fatigue testing 
Detailed descriptions of the experimental setup for CA and VA fatigue tests at ultrasonic frequency at constant 
load ratios other than R = -1 can be found in [6,7]. The setup consists of the three main components (1) the ultrasonic 
equipment, (2) a servo-hydraulic or electro-mechanical load frame, and (3) a personal computer equipped with data 
acquisition and control hardware. In ultrasonic fatigue tests, an appropriately designed specimen is stimulated to 
resonance vibrations at approximately 20 kHz cycling frequency. Both ends of the specimen vibrate with maximum 
displacement amplitude, in opposite directions. A vibration node with maximum strain amplitude is formed in its 
center. Stress amplitudes are calculated from strain gauge measurements by applying Hooke’s law under the 
assumption of linear elastic behavior. The displacement signal observed at one end of the specimen is used for control 
purposes in the test generator, control of vibration amplitude (accuracy ±1 %) and regulation of resonance frequency 
(accuracy better than ±0.1 Hz). Ultrasonic tests are performed in a pulse-pause sequence to avoid excessive specimen 
heating. Pause length is chosen appropriately to carry off the heat produced in the specimen, along with permanent 
forced-air cooling.  
In a CA ultrasonic experiment, each pulse has the same constant vibration amplitude. A schematic load-time history 
is shown in Fig. Fig. 1(a). 
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Fig. 1. Schematic load-time histories realized in the present investigation in ultrasonic experiments with (a) CA loading and (b) VA loading at 
constant load ratio; with servo-hydraulic equipment for (c) CA loading, (d) VA block-loading and (e) VA single-cycle loading. 
In a VA ultrasonic experiment, successive pulses have different nominal vibration amplitudes, following a pre-
determined VA sequence. In the present study, the sequence consists of 27 discrete levels between a fraction of 0.31 
and 1.0 of the nominal amplitude in a succession of 771 realizations, resulting in a Gaussian cumulative frequency 
distribution of load-cycles (Fig. Fig. 2). Pulse length in VA experiments is adjusted so that several repetitions of the 
VA repeat sequence occur before specimen failure, i.e. to ensure sufficient mixing of load cycles. A personal computer 
equipped with hardware for analog input-output operations calculates the correct amplitude for each successive pulse, 
hands it over to the ultrasonic fatigue equipment for amplitude control, and controls the pulse-pause timing. Every 
single load cycle during each pulse is counted and classified into a histogram, including the additional load cycles 
below the nominal vibration amplitude that occur during pulse build-up and decay after vibration excitation has 
ceased. Damage sum calculations are based on these actually realized load-spectra, i.e. the effects of pulse build-up 
and decrease of load cycles after the pulse are explicitly considered. 
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Fig. 2. VA sequence employed in the present investigation; (a) one full iteration; (b) Gaussian cumulative frequency distribution of load 
amplitudes; the VA sequence consists of 27 discreet levels with a repeat sequence length of 771, omission level is 31 % of the maximum stress 
amplitude. 
In fully reversed ultrasonic CA and VA fatigue tests (R = -1) one end of the specimen vibrates freely. The load 
train consists of the ultrasonic transducer, an amplifying horn and the specimen. Fatigue tests at R ≠ -1 require means 
to superimpose preloads upon the resonance vibrations of the specimen. The load train is built into a servo-hydraulic 
or electro-mechanical load frame and a titanium rod of exactly λ/2 length is attached to the lower end of the specimen. 
The rod is clamped in its center, the location of a vibration node. The desired preload can be applied at the clamping 
without introducing damping into the load train [8]. CA experiments at R ≠ -1 only demand static mean loads. VA 
fatigue test at R ≠ -1, however, require the preload to be adjusted prior to every pulse to maintain the respective 
(constant) value of R throughout the test. This is accomplished through additional computer control sending a 
command signal to the load-frame providing the mean load. The schematic load-time history for an ultrasonic VA 
experiment with constant load ratio R ≠ -1 is shown in Fig. Fig. 1(b). The appropriate mean load for the upcoming 
pulse is calculated from its ultrasonic amplitude, the load ratio and the cross-sectional area of the specimen. The force 
is reached within a few tens of milliseconds in a ramping motion to avoid overshoot. Once vibration excitation 
commences, all load cycles are counted and classified. It is ensured that the correct preloading force is reached before 
the ultrasonic pulse is started, and that no changes in preload occur as long as load cycles are acquired. The transition 
between the preloads is fast enough to be completed within the pulse-pause, i.e. testing time is not prolonged compared 
to tests with no or constant mean load. Again, appropriate pulse length is chosen so that sufficient mixing of the load 
levels occurs. For measured lifetimes ≥107 cycles at load ratios R = 0.1 and R = 0.5, a pulse length of 100 ms yielded 
at least six full repetitions of the VA sequence prior to specimen failure. 
2.3. Servo-hydraulic fatigue testing 
Conventional axial loading fatigue tests in the HCF regime are performed with a MTS FLEXTTEST SE controlled 
50 kN servo-hydraulic load frame. In contrast to ultrasonic fatigue tests, specimens can be cycled continuously at 
actual cycling frequencies between 10 Hz and 70 Hz without perceivable specimen heating. The phases of pulse build-
up and decay do not occur, implying that the actually realized load spectra are identical to the specified spectra. The 
schematic of a CA test at arbitrary values of R with servo-hydraulic fatigue equipment is shown in Fig. Fig. 1(c). 
Comparison of the command signal and the actual force feedback signal from the servo-hydraulic controller confirms 
that the achieved accuracy of amplitude control in CA test is very similar to the ultrasonic equipment, i.e. within ±1 %. 
The equivalent servo-hydraulic implementation of ultrasonic CA tests is trivial, while the same cannot be said of 
VA tests. VA ultrasonic tests can be replicated in servo-hydraulic tests by applying the VA sequence in a “block-
loading” fashion, i.e. by repeating each level in the sequence for a certain number of cycles, before proceeding to the 
next level, as shown in Fig. Fig. 1(d). Alternatively, each single cycle may follow the VA sequence (“single-cycle 
loading”; Fig. Fig. 1(e)). The implementation of VA fatigue test for servo-hydraulic requires special attention to 
achieve sufficient accuracy at reasonable cycling frequency. Fatigue test in the HCF regime should be run at the 
highest possible testing frequency to limit the testing time, while the nominal cycling amplitude must be met 
accurately. Common peak-value compensation algorithms found in most servo-hydraulic controllers cannot be 
deployed in single-cycle loading tests, and, to a lesser extent, in block-loading tests, as the control deviation will vary 
heavily with each load cycle. Likewise, adaptive PID control algorithms will not react fast enough at a cycling 
frequency still suitable for experiments up to 107 cycles, and overly aggressive PID parameters provoke control 
instability, with subsequent undefined loading of the specimen. To circumvent the limitations of the available 
equipment, a computer-based waveform-generator incorporating a forward-loop optimization was developed in-
house. The command signal and the system response are compared, and the command signal is iteratively adjusted, 
so that the desired feedback signal is achieved. Once complete, the optimization is stored in a two-dimensional 
calibration matrix (frequency versus amplitude) that is specific to a material and load-ratio. In the present VA 
investigation with servo-hydraulic equipment, a testing frequency of 50 Hz could be realized, while amplitude 
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accuracy is still high, within the range ±1.5 %. Thus, CA and VA tests to up to 3-4×107 cycles can be completed 
within a testing time of one week.  
All ultrasonic and servo-hydraulic fatigue tests are performed in an air-conditioned laboratory with 20-22°C and 
50 % relative humidity.  
3. Results and discussion 
Fatigue lifetimes of Al 2024-T351 for CA loading at load ratios R = 0.1 and R = 0.5 have been measured with 
ultrasonic and servo-hydraulic fatigue equipment. Fig. Fig. 3 shows the measured lifetimes versus the stress amplitude 
Δσ/2. Run-out specimens are marked with arrows. CA lifetimes at stress amplitudes 65 MPa ≤ Δσ/2 ≤ 150 MPa at 
R = 0.1 are approximated with a power-fit (straight lines in the double-logarithmic plot). Different slopes were used 
to approximate HCF and VHCF lifetimes. No fatigue limit was found, failures still occurred at more than 1010 cycles. 
Experiments at R = 0.5 were performed at stress amplitudes between 55 MPa and 80 MPa. Maximum stress of a load 
cycle is 320 MPa for stress amplitude Δσ/2 = 80 MPa, which is still considerably below the yield stress, cycling is 
therefore (nearly) elastic. Ultrasonic tests are usually performed in the elastic range, where stresses and strains are 
proportional. Measurements with servo-hydraulic fatigue testing equipment at R = 0.1 with 
100 MPa ≤ Δσ/2 ≤ 145 MPa and at Δσ/2 = 80 MPa at R = 0.5 yield very similar lifetimes. No influence of testing 
frequency on CA fatigue lifetimes is evident for Al 2024-T351 for the investigated load ratios R = 0.1 and R = 0.5. 
 
Fig. 3. S-N data measured with ultrasonic and servo-hydraulic fatigue testing equipment at load ratio R = 0.1 (left), and R = 0.5 (right); ultrasonic 
lifetimes are approximated with a power-fit (dashed lines); run-out specimens are marked with arrows. 
VA experiments with ultrasonic fatigue equipment at constant load ratio R = 0.1 were conducted with maximum 
stress amplitude Δσmax/2 between 85 MPa and 145 MPa as shown in Fig. Fig. 4. Mean lifetimes are approximated with 
a power-fit with a constant slope between all stress levels. Predictions of fatigue lifetimes by performing a Miner 
linear damage accumulation calculation and assuming failure at damage sum S = 1 is shown with a solid line in 
Fig. Fig. 4. Damage sums decrease with increasing mean lifetimes, suggesting an enhanced detrimental influence of 
low stress amplitudes, due to the increased share of low load cycles with increasing fatigue lifetime. 
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Fig. 4. VA data measured with ultrasonic and servo-hydraulic fatigue testing equipment with a Gaussian cumulative frequency distribution of 
load amplitudes; servo-hydraulic VA loading was realized in block-loading mode with block lengths of 2000 cycles, as well as with single-cycle 
loading; ultrasonic lifetimes are approximated with a power-fit (dashed line); predicted lifetimes for damage sum S = 1 are shown with a solid 
line. 
For comparing VA fatigue lifetimes measured with servo-hydraulic and ultrasonic equipment, the load time history 
must be considered. Ultrasonic VA tests at R = 0.1 with Δσmax/2 = 145 MPa yielded lifetimes between 8.9×106 and 
3.2×107 cycles. One series of servo-hydraulic experiments was performed cycling the specimens in block-loading 
mode with a block length of 2000 cycles, which is roughly equivalent to an ultrasonic VA experiment with 100 ms 
pulse duration. The measured lifetimes fall within the same range as ultrasonic tests (Fig. Fig. 4), between 6.4×106 
and 3.8×107 cycles to failure. In a second series of servo-hydraulic experiments lifetimes for single-cycle loading are 
measured for Δσmax/2 = 145 MPa. These tests delivered lifetimes in the regime between 1.4×106 and 2.7×106 cycles. 
Lifetimes measured in single cycle experiments are by mean factor 6 shorter than in block loading experiments.  
The above CA tests at low and ultrasonic frequencies and the comparison of ultrasonic and servo-hydraulic block-
loading VA tests clearly show that Al 2024-T351 is not sensitive to cycling frequency, as similar lifetimes are found 
for both testing methods. In contrast, the comparison of block loading and single cycle loading VA experiments with 
the same Gaussian cumulative frequency distribution of load amplitudes shows significant differences in fatigue 
lifetimes, indicating a pronounced influence of load-time history on fatigue damage.  
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4. Conclusion 
Constant amplitude (CA) and variable amplitude (VA) tests at different load ratios in the HCF and VHCF regime 
have been performed with 2024-T351 aluminum alloy. Servo-hydraulic fatigue tests at 10-70 Hz and ultrasonic tests 
at approximately 20 kHz cycling frequency are compared. The following conclusions may be drawn:  
a) It is demonstrated that ultrasonic fatigue testing is a suitable and time saving method to measure the CA and 
VA fatigue properties of materials at different load ratios in the high and very high cycle fatigue regime. 
b) Ultrasonic CA fatigue lifetimes coincide well with lifetimes measured with servo-hydraulic equipment, 
suggesting that not prominent influence of cycling frequency exists for Al 2024-T351. 
c) In ultrasonic VA experiments, the stress amplitude is varied between successive pulses (“block loading”), and 
the pre-load for maintaining load ratios R > -1 is adjusted accordingly prior to every pulse. While servo-
hydraulic equipment allows replicating the ultrasonic block-loading method, the stress amplitude can also be 
varied in successive cycles (“single-cycle loading”) at testing frequencies of up to 50 Hz. 
d) The comparison of servo-hydraulic and ultrasonic VA block loading experiments does not reveal significantly 
different lifetimes. Lifetimes measured in single-cycle loading VA experiments are on average shorter by a 
factor of about 6. The load-time history, rather than the cycling frequency shows a pronounced influence on 
VA lifetimes of Al 2024-T351.  
This present investigation is the first to address potential differences in measured lifetimes between VA servo-
hydraulic and VA ultrasonic fatigue tests. The striking result is that no frequency effect is found, but the testing 
method can lead to differences in measured VA lifetimes of Al 2024-T351. Ultrasonic tests are currently the only 
option for VA tests in the VHCF regime, which is not accessible with conventional fatigue testing equipment. The 
investigation of the effect of load-time history on HCF lifetimes is vital for better understanding the capabilities 
and limitations of ultrasonic fatigue testing. 
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